Trichodesmium sp. is a filamentous, colonial cyanobacterium which contributes substantially to the input of nitrogen in tropical and subtropical oceanic waters through nitrogen fixation (N2 fixation). We applied a 1sN tracer technique to assess the rate of release of dissolved organic nitrogen (DON) from this cyanobacterium and compared those rates with rates of N2 fixation determined for the same assemblages at the same times of day. Rates of release of DON showed considerable variation within replicate experiments and were variable depending on time of day and duration of time course experiments. On average, rates of DON release were ca. 50% the rates of N2 fixation. We also fractionated the DON released by using ultrafiltration and found that 60 to 80% of the total organic release was of the size class <10,000 Da. The release of these organic compounds by Trichodesmium spp. is likely a significant source of new nitrogen for the associated bacteria or the non-nitrogen-fixing filaments of the Trichodesmium colonies.
Trichodesmium sp. is a filamentous, colonial cyanobacterium which is found frequently in abundance in tropical and subtropical waters of the world. As a pelagic nitrogen fixer, it can make a substantial contribution to both the input of new nitrogen and the flux of organic matter in warm oceanic surface waters. It has been estimated, for example, in the Caribbean Sea that Trichodesmium spp. can contribute up to 20% of the total primary productivity (10) , and in the North Pacific Gyre the contribution of new nitrogen fixed by Tnchodesmium spp. can be 50% of the total new nitrogen input to near-surface waters (14) .
Tropical and subtropical regions of the oceans are typically impoverished with respect to dissolved inorganic nitrogen availability. By contrast, dissolved organic nitrogen (DON) concentrations of 5 to 10 ,umol are common, making it the most abundant dissolved nitrogen form (24) . Despite the large size of this pool, there is a general lack of quantitative information on both the production and fate of this pool. Most of the available information on DON is derived from studies of individual compounds, such as urea or dissolved free amino acids (1), or extrapolated from studies of dissolved organic carbon flux.
Over the past few years, we have been developing and applying a new 15N labeling technique to measure the production of DON from autotrophs (3, 4) . Such production may occur via passive release, cell death or lysis, or virus-induced lysis or during feeding and grazing by heterotrophs (4 Regardless of the time of day when experiments were conducted (no experiments were conducted at night, however), rates of DON release were highest during the first hour of incubation and then dropped rapidly; by 6 to 9 h of incubation the rates of DON release were only 20 to 25% of the rates initially measured (Fig. 1) . We had difficulty measuring rates of release in experiments shorter than 1 h because insufficient label had accumulated in the DON pool to be accurately detected. The high rates of DON release measured early in the time course may in part be due to stress the colonies may have experienced while the experiments were set up (11); we emphasize, however, that we used the gentlest techniques possible in all phases of the experimentation. The rapid decline in DON release, evident after our 1-h measurement point, was due to either a reduction in rates of release or the reincorporation of DON into Tnichodesmium or associated microbes. While we also attempted in these experiments to measure the rates of DON uptake by Trichodesmium colonies by the method described by Bronk and Glibert (5), our sensitivity was very low for these samples. At best, we could estimate that uptake of DON was approximately equal to the rate of DON production in experiments of 2-to 4-h duration (data not shown).
The time course of LMW DON release (Fig. 2) 
DISCUSSION
The results in this report, and those reported by Capone et al. (6) , show that release of dissolved nitrogen-containing organic compounds by Trichodesmium spp. is a dynamic process which represents a significant fraction of the nitrogen fixed by these cyanobacteria. The similarity between our findings and those of Capone et al. (6) , derived by completely independent methods, is striking and further underscores the importance of this flux.
It is now generally accepted that even healthy phytoplankton leak some organic compounds; with respect to carbon, several studies have demonstrated that for a wide range of phytoplankton groups, <10% of recently fixed photosynthate is released to the medium under normal growth conditions (16, 17, 19) . For T. thiebautii, Shimura et al. (25) reported release of dissolved organic carbon to be 2 to 8% of photosynthetic rates, and the recent data of Capone et al. (6) on glutamine and glutamate release rates, when expressed on a carbon basis, represented 3% of photosynthetic production. Most of the release of LMW amino acids is thought to be exudation by passive diffusion across permeable cell membranes (2, 17) . The significant rates of release of DON suggest several possible mechanisms in addition to passive exudation. It should be underscored that because the production of these compounds was traced directly using 1 N2 gas, which enters the cells via N2 fixation, this organic material represents a new flux from the cells within the time course of our experiments and not simply a diffusion of compounds from the interstitial water among the trichomes. Other potentially significant mechanisms of release of both LMW and high-molecular-weight DON are processes which rupture cells, including grazing and viral infection (3, 21, 26) , or disruption of colonies during containment and/or filtration. Kirchman et al. (15) found that filtration can inflate measured rates of nitrogen release by phytoplankton and that release of dissolved primary amines increased even when gravity filtration was used. However, if the initial high rates of release of total DON that we observed during our time course experiments were due to artifactual cell breakage, the relative proportion of LMW DON to total DON would be expected to decrease through time, not increase as observed.
Although there are few known grazers of Trichodesmium spp., O'Neil and Roman (20) have demonstrated that the pelagic harpacticoid copepods Macrosetella gracilis and Miracia efferata ingest Trichodesmium spp. at average rates of 14.2 and 33.3 nmol of C copepod-1 h-1, respectively. Assuming an average C/N molar ratio for Trichodesmium spp. of 5, these ingestion rates are equivalent to 2,840 and 6,660 pmol of N copepod-1 h-1 for the two species, respectively. There is considerable variability in these rates, reflecting past feeding history and physiological state of both the copepods and the cyanobacteria. It has been shown for numerous other planktonic systems that grazing by zooplankton can mediate significant release of dissolved organic and inorganic compounds (4, 12, 22) , although no data which demonstrate the magnitude of DON release by harpacticoid feeding copepods are available.
Nevertheless, the ingestion of Trichodesmium spp. can be considerable. In our experiments, we made no estimates of the abundance of copepods in the colonies we used, nor did we make any attempt to remove them from our samples. However, independently, it was observed that adult Macrosetella spp. or copepodites were found on virtually all colonies collected during this period (19a). Thus, while we cannot estimate the impact of these grazers on DON flux in our experiments, it is likely that they contributed to the measured DON release.
An additional potential mechanism of release of organic nitrogen, noted by Capone et al. (6) , is that organic compounds may be actively released, thereby providing a source of fixed nitrogen for the non-nitrogen-fixing filaments of the colonies; the demonstrated uptake of glutamine and glutamate by Trichodesmium spp. (6, 9) adds credence to this hypothesis. Rapid cycling of organic acids within the colonies may possibly be an important nutritional strategy for these colonial organisms. Our time course data also may imply that much of the released DON may have been consumed within the time course of our experiments; in our longer time courses (Fig. 1) , most of the release occurred in the first 1 to 2 h. Either no further release occurred after the first several hours of incubation, or released DON was subsequently consumed during the last few hours of incubation. We can further suggest that since the colonies were placed in filtered (0.2-,um pore size) seawater during our experiments, the Trichodesmium or associated bacteria consumed the organics, but we cannot discount the fact that very small unattached bacteria may also have been in our samples.
A comparison of the total DON release rates reported here with the rates of glutamine and glutamate reported by Capone et al. (6) strongly suggests that glutamine and glutamate make up the largest proportion of compounds that are released; their reported average sum of glutamine plus glutamate release rates were 105 pmol of N colony-1 h-, while our reported average rate of total DON release, assessed by a completely different technique, was 114 pmol of N colony-' h-1.
Furthermore, Capone et al. (6) observed that internal pools of glutamate were ca. fourfold higher at their daily maximum, late afternoon, than were internal pool concentrations of glutamine at their maximum, which occurred at midday. This is consistent with our observations that the highest rates of DON release occurred from mid-to late afternoon.
Compared with ambient seawater concentrations of DON, the release of DON by Trichodesmium spp. is small except perhaps when blooms develop. Nevertheless, an average of 50% of the N2 fixed is apparently released as DON by these cyanobacteria. Clearly, the fate of this organic material must play an important role in the nutrient-impoverished tropical and subtropical waters where Trichodesmium sp. is an important primary producer.
